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Abstract 
Recently, the rapid growth of super-high-frequency (SHF) applications has fueled the 
development of wideband filters and multiplexers. To achieve the desired performance, the 
building blocks of these filters, namely the acoustic resonators, must feature resonances at SHF, 
and high figure of merit (FOM) for minimal insertion loss and enhanced out-of-band rejection. 
This thesis reports on the demonstration of a new class of SHF microelectromechanical system 
(MEMS) resonators operating in the 5 GHz range. The SHF resonances have been achieved by 
employing the first order antisymmetric (A1) mode in ion-sliced and suspended Z-cut lithium 
niobate (LiNbO3) thin films, which feature a phase velocity exceeding 10,000 m/s. The fabricated 
device has demonstrated a high electromechanical coupling (kt2) of 29% and a high quality factor 
(Q) of 527 simultaneously. Hence, this work marks the first time that MEMS resonators at SHF 
were demonstrated with an extremely high figure of merit (FoM= kt2Q) of 153. The SHF operation 
and high FoM of these A1 mode devices have proven their potential as the key building blocks 
for future SHF front-end filters and multiplexers. 
This thesis is organized as follows. In Chapter 1, the background of RF-MEMS filters and 
resonators will be reviewed and the motivation of developing SHF MEMS resonators is clarified. 
Chapter 2 will introduce fundamentals and materials of piezoelectric MEMS resonators. Chapter 
3 will discuss characteristics of Lamb wave modes and detail the first-order antisymmetric (A1) 
Lamb wave mode which can be employed in designs of SHF LiNbO3 MEMS resonators. Chapter 4 
will present and describe the microfabrication process of the SHF LiNbO3 MEMS resonators. 
Finally, Chapter 5 will conclude this research work and suggest some potential future research 
directions. 
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In the past 20 years, MEMS (microelectromechanical systems), a technology inspired by 
microelectronics, have found broad acceptance in the field of sensors and actuators. MEMS 
technology offers significant advantages over macroscopic electromechanical systems in terms 
of miniaturization, monolithic integration, and low cost in manufacturing. In the next 10 years, 
the MEMS research field is expected to grow even more rapidly and produce devices and 
components for more emerging applications [1].  
One of the areas that already heavily relies on MEMS devices and components is signal processing 
in RF front ends for wireless communication. Specifically, RF-MEMS resonators and filters play an 
important role in accessing the crowded EM spectrum and will continue to do so as the mobile 
communication market grows even more rapidly in the next decade [2].  
This chapter first briefly introduces the background of the RF-MEMS filters which typically 
comprise different types of MEMS resonators. Section 1.2 will review the market requirements  
on RF-MEMS filters. The comparison of MEMS resonators will be discussed in Section 1.3. Section 
1.4 will explain the requirements of developing resonators which can work in the super-high-
frequency (SHF) range. 
1.1 Background of RF-MEMS Filters 
Several technological advantages of MEMS or acoustic filters have placed them in the 
marketplace as the incumbent technology for accessing the radio frequency spectrum in mobile 
devices. First of all, MEMS or acoustic resonators leverage resonances  in the mechanical domain 
where elastic wavelengths are five orders of magnitude smaller than electromagnetic 
wavelength. As a result, resonators and filters can be made small and chip-scale [1]. The small 
form factor allows for the integration of many filters of different bands into a small module that 
can easily fit into a handset.  From a practical point of view, smaller device footprint leads to 
more devices per wafer and greater economy of scale. Hence the cost of manufacturing MEMS 
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filters generally scales favorably with microfabrication technology. Second, propagation of radio 
frequency acoustic waves in widely adopted pieozoelectric materials typically has very low loss 
and thus enables very high quality factor (Q) resonators.  With some high electromechanical 
coupling piezoelectric materials, very low-loss MEMS resonators and filters can be attained with 
performance exceeding other alternatives. Third, MEMS filters can be intimately integrated with 
active circuits using various schemes, therefore lowering parasitic effects and producing higher 
system-level performance [3].   
Despite the above-mentioned advantages of MEMS filters, MEMS resonators and filters are still 
being intensively researched for better performance.  Fundamentally, the development of RF 
filters is fueled by customers’ need for more data and consequently more RF bandwidth. 
According to a Cisco survey, the demand for data is expected to increase by a factor of six from 
2014 to 2018 [4]. The explosion of data in the era of cloud computing, IoT, and virtual reality will 
continue to impose more stringent requirements on RF filters. Beyond the cellular network, other 
wireless applications, including wireless local area networks (WLAN), Bluetooth, TV broadcasting 
and governmental and military communication systems, also demand high-performance RF 
filters to deal with the co-existence of more cellular bands and emerging commercial wireless 
applications [5]. The spectrum access via front-end filtering becomes even more challenging 
when a system is required to function globally, because the same applications may receive 
different frequency allocation in different countries. Take mobile phones for example: the next 
generation will need more than 80 filters for global travel. Integrated RF MEMS filters covering a 
wide frequency with various specifications will become a key solution in the future wireless 
marketplace. 
1.2 Requirements on RF-MEMS Filters 
There are several market forces driving the MEMS filters in the mobile communication business  
[2], [6]: 
1. RF filters are required to have very low insertion loss (IL) in the pass bands. The low IL decreases 
the required gain out of the amplifiers, and reduces the power consumption of RF front ends. 
The IL of the front-end filters also affects the sensitivity, signal-to-noise ratio, and thermal 
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management in the transceiver [1]. Filters with lower IL typically require the constituent 
resonator technology to feature a high quality factor at resonances, and a large 
electromechanical coupling.  
2. To attract more customers, service providers tighten specifications of handsets, including noise 
sensitivity and reduction of spurious emissions, and these specifications affect the quality of 
service [2]. This puts more stringent requirements on the out-of-band rejection of the filter. For 
a typical duplexer, 50 dB attenuation is required, which can be achieved by adjusting the capacity 
ratio of the series and shunt resonators in a ladder topology. 
3. To access a wider bandwidth, RF MEMS filters need to feature a larger fractional bandwidth 
(FBW). It remains challenging to attain FBW more than 5% as conventional MEMS resonators do 
not have adequate electromechanical coupling, which ultimately sets the limit on the attainable 
BW of the filter.  
4. To eliminate unnecessary allocation of guard bands, the RF filters must have steep skirts from 
passband to stopband. To that end, the component resonators must have higher quality factors.  
Note that all these requirements on the performance of MEMS filters translate to requirements  
on the performance of the component MEMS resonators. The basics of MEMS resonators will be 
discussed in Chapter 2. 
1.3 MEMS Resonators for Assembling RF-MEMS Filters 
As discussed in the last section, the improvement of filter performance ultimately lies in the 
enhancement of MEMS resonator performance.  Before discussing the design of new resonators, 
it is important to review the state-of-the-art MEMS or acoustic resonators for assembling RF 
filters. Therefore, this section first introduces the ladder filter topology and the context of 
constructing filters with one-port resonators. Next, reviews on the existing resonator 
technologies, including surface acoustic wave (SAW) resonators, thin film bulk acoustic wave 
resonators (FBAR), and Lamb wave resonators (LWR), are given. It is important to evaluate these 
technologies in the context of targeted applications.   
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1.3.1 RF-MEMS Filter Topology 
Using chip-scale MEMS resonators, high-performance RF-MEMS filters can be synthesized based 
on various types of filter topologies. Among these topologies, the ladder structure is the most 
frequently used for designing single-end filters or duplexers in front ends [2].  Differently from 
other topologies that require more complex coupling schemes between resonators in either the 
mechanical or electrical domain, ladder filters use simple one-port resonators as building blocks, 
and couple resonators in only the electrical domain. Sufficient bandwidth can be achieved 
without requiring cross-coupling.  Design trades among insertion loss and out-of-band rejection 
are also available to cater to different application spaces.  This thesis primarily focuses on the 
resonator design in the context of constructing ladder-type filters for RF front ends. 
Figure 1 shows the circuit diagram of a simple ladder filter consisting  of series and shunt 
resonators. A typical ladder filter response is shown in Fig. 2. In this case, all the series resonators 
have the same resonant frequency, and likewise the shunt resonators are all identical. There is a 
frequency offset between the series resonances of the series and shunt resonators, which 
roughly defines the bandwidth of the component filter. In the center of the passband, the series 
resonators present minimum attenuation to the signal, whereas the shunt resonators present an 
approximately open-circuit [7]. The insertion loss in the passband can be reduced by minimizing  
the impedance of the resonators at their resonances, which in turn requires high resonator figure 
of merit (defined as kt2∙Q). 
 
Figure 1: Simple ladder filter consisting of series and shunt resonators. 
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1.3.2 Surface Acoustic Wave Resonators 
The first type of commercially available resonator that will be discussed is the surface acoustic 
wave resonator. A surface acoustic wave travels along the surface of a material exhibiting 
elasticity, with an amplitude that typically decays exponentially into the substrate. The invention 
of an interdigital transducer (IDT) by White and Voltmer in 1965 [8] enabled the direct generation 
and detection of surface acoustic waves through the piezoelectric effect, which led to a 
breakthrough in SAW devices. Based on the transduction and guiding of acoustic waves, this kind 
of devices has been used for many electronic applications since then [9]-[11]. 
 SAW resonators are one of these applications. They have been widely adopted in RF filters in 
wireless systems for several decades due to their small size, low cost, and great performance. 
Figure 3 shows the configuration of a typical one-port SAW resonator consisting of one IDT, which 
generates and receives SAWs by applying RF signals; two grating reflectors, which reflect SAWs 
and form standing waves between the two sets of grating reflectors; and one thick piezoelectric 
substrate, which guides the SAWs on its surface along the direction perpendicular to the IDT.  
 
Figure 2: Simulated response of a ladder filter. 
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 The typical piezoelectric substrate for SAW resonators and filters is either LiNbO 3 or LiTaO3 [2]. 
Both substrates are relatively low-cost. Combined with the simple structure of SAW resonators, 
the production process of SAW devices is very cost-effective.  However, several performance 
limitations currently persist for SAW devices. Frist, the center frequency of SAW resonators is 
determined by the electrode pitch of the IDT and SAW phase velocity. Due to the low phase 
velocities (below 4000 m/s) of SAW in common piezoelectric substrates, scaling SAW beyond 2.5 
GHz is challenging.  The narrow electrodes at higher frequencies limit the power handing 
capability of SAW. Second, SAW devices typically use Bragg reflectors on the sides to confine the 
acoustic energy. Nonetheless, acoustic energy can still be lost into the substrate due to electrode-
induced wave scattering.  As a result, State of the art SAW resonators have a Q <1000.  Third, in 
applications where temperature stability is required, SAW devices need to temperature 
compensated, which compromise the electromechanical coupling and induce higher loss in the 
passband. 
 
Figure 3: The configuration of a typical one-port SAW resonator. 
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1.3.3 Aluminum Nitride Film Bulk Acoustic Wave Resonators 
 Different from SAWs, bulk acoustic waves are a type of elastic wave propagating in the entire 
volume of a material. They also can be transduced in thin films. The transduction of film bulk 
acoustic waves requires the application of an alternating electric field to a piezoelectric material 
using metal electrodes on the surfaces of the material [12]. A scheme for applying an alternating 
electric field is shown in Fig. 4 [2], with the metal electrodes attached to the top and bottom of 
a piezoelectric plate. The transducer is formed by the piezoelectric plate and attached metal 
electrodes. Top and bottom metal electrodes are connected to the source to introduce an 
alternating electric field across the piezoelectric plate. 
The film bulk acoustic resonator (FBAR) was first demonstrated in 1980 [2]. The FBAR consists of 
a suspended piezoelectric film anchored at the edges (as shown in Fig. 5). According to the works 
of Rich Ruby [13], relatively high electromechanical coupling coefficient, compatibility with CMOS 
fabrication process and suitable dielectric constant make aluminum nitride (AlN) the best 
piezoelectric material to meet the commercial demand [14].  
 
Figure 4: Cross-sections of FBAW resonators.  
 
Figure 5: SEM of AlN FBAR [14]. 
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Compared to SAW resonators, the FBARs have higher quality factor due to their excellent acoustic 
energy confinement in the suspended structure. AlN also has higher stiffness constants and thus 
large phase velocity. The high phase velocity allows for scaling resonances into high frequencies 
over 2 GHz. In order to attain high electromechanical coupling, the FBAR operates in thickness 
extensional mode to harness the high d33 coefficient. Therefore, the resonant frequency is 
predominately determined by the thickness of the AlN thin film. To precisely set the resonant 
frequency, the thickness and uniformity of the AlN thin film needs to be controlled strictly, which 
makes manufacturing process more complicated. Therefore, the manufacturing FBAR is more 
costly compared to that of SAW resonators. In addition, it is also challenging to achieve the 
monolithic implementation of multi-frequency ladder filters, which require either trimming or 
mass-loading FBARs into lightly offset center frequencies on the same chip.  
1.3.4 Aluminum Nitride Lamb Wave Resonators 
To overcome the limitation of FBARs in achieving more diverse frequencies on the same chip, 
lateral vibration modes based on Lamb waves in AlN thin films have been exploited as the basis 
for a new type of acoustic resonators, namely AlN Lamb wave resonators (LWR) [15]-[18].  
The excitation of Lamb wave modes can be achieved by alternatingly applying an electric field 
across the AlN thin film using interdigital transducers in various configurations  [19]. Regarding 
the configurations, the Lamb wave excitation predominately harnesses the d31 coefficient of AlN, 
which is about one third the size of d33. The resonant frequency of AlN LWRs can be set by the 
electrode pitch of the IDT.  As a result, multi-frequency resonators can be lithographically defined 
monolithically.  
In essence, AlN LWRs combine the advantages of SAW and FBAW: multiple-frequency defined by 
the pitches of interdigital transducers and high acoustic phase velocity in a suspended structure. 
Therefore, AlN LWRs typically can be engineered with a high quality factor (1,000 – 4,000), and a 
lithographically definable resonant frequency up to 10 GHz [15]-[19].  Provided with a large 
enough device, AlN LWRs can feature a low motional resistance, and reasonable static 
capacitance, allowing them to be integrated with state-of-the-art CMOS electronics.  
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However, as previously mentioned regarding d31, AlN LWRs have a lower electromechanical 
coupling coefficient (less than 2%), and consequently limited to narrow-band applications. 
1.3.5 Lithium Niobate Laterally Vibrating Resonators 
 One way to truly combine the technology advantages of SAWs and FBARs without sacrificing 
electromechanical coupling is to employ lateral modes in a piezoelectric material with higher 
lateral piezoelectric coefficients. Lithium niobate (LiNbO3), well known as a bulk piezoelectric 
material, has also recently emerged as an alternative thin film material thanks to a novel film 
transfer technique called crystal ion slicing [6]. 
Researchers have attempted to leverage the high coupling coefficient of LiNbO3 with the high 
quality factor from mode-isolation and energy trapping of released mechanical structures to 
demonstrate S0 LiNbO3 Lamb wave resonators [20]-[22]. Figure 6 shows a scanning electron 
micrograph (SEM) image of LiNbO3 laterally vibrating MEMS resonators. The device consists of 
metal interdigital fingers on top of a mechanically suspended LiNbO3 thin film. Lateral expansion 
and compression in adjacent fingers are excited by the electric field induced by the IDTs 
alternately connected to input and ground. Similar to AlN LWRs, the resonant frequency of such 
devices is primarily defined by their lateral dimensions, which can be accurately controlled by 
photolithography. This type of device has been optimized with a weighted electrode 
configuration to demonstrate resonators exhibiting an electromechanical coupling coefficient 
(kt2) of 21.7%, a quality factor (Q) of 1300, and a figure of merit (FoM) of 280 [22].   Not long after 
 
Figure 6: SEM images of laterally vibrating LiNbO3 MEMS resonators [22]. 
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this demonstration, researchers at Sandia National Laboratory also demonstrated LiNbO3 
resonators based on shear horizontal mode (SH0) with a kt2 of 12.4%, a Q of, and a FoM of 1300 
[23]. 
The high kt2 promises a wider bandwidth for filters while the high Q enables lower insertion loss 
and sharper roll-off for RF filters.  LiNbO3 laterally vibrating resonators are promising candidates 
for the applications that require high performance, wide bandwidth, high electromechanical 
coupling, and high quality factor simultaneously.  
However, the phase velocity (≤6,000 m/s) of these laterally vibrating waves is too low to be 
suitable for realization of a high-frequency device. In addition, electric power handling capability 
and reliability will be sacrificed when these LiNbO3 laterally vibrating resonators are scaled to 
higher resonant frequency. 
1.4 The Need for SHF Resonators and Filters 
1.4.1 5G Wireless Systems 
As mentioned in Section 1.1, the demand for higher data rates, driven by cloud computing, big 
data, and Internet of things, will continue to increase. For the year 2020 and beyond, new services 
will emerge, mobile data traffic will show explosive growth, and connections from terminals will 
 
Table 1   Countrywide 5G band allocations across the world [24] 
Country 5G Bands 
Europe 3400 – 3800 MHz 
China 3300 – 3600 MHz, 4400 – 4500 MHz, 4800 – 4990 MHz 
Japan 3600 – 4200 MHz, 4400 – 4900 MHz 
Korea 3400 – 3700 MHz 
India 3300 – 3400 MHz 
Ireland 3400 – 3800 MHz 
Spain 3600 – 3800 MHz 
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increase exponentially. The existing fourth-generation (4G) wireless systems will not be enough 
for the future mobile networks. Fifth-generation (5G) wireless systems, which are expected to 
provide orders of magnitude higher data rates, have to resort to higher frequency ranges for 
more available spectrum. Their development is still under way, and some countries have 
proposed their frequency allocation of 5G bands. As seen in Table 1, all these bands are allocated 
between 3 GHz and 5 GHz [24]. In this frequency range, not only are wireless communication 
networks and technologies pushed to their limits by users’ expectations of quality of service equal 
to that of 4G, but also new devices and components that can work in super-high-frequency (SHF) 
range are needed to satisfy the more stringent requirements for 5G. 
For instance, the current RF front-end filters, typically with center frequencies below 5 GHz and 
degraded performance beyond 3 GHz, are inadequate to support the 5G applications. SHF filters 
are currently sought after for enabling 5G systems. To enable high-performance SHF filters, new 
MEMS resonators with larger coupling, higher center frequency, and lower loss have to be first 
developed as the building blocks.    
1.4.2 Limitations of Previous Works 
Several efforts are already underway to scale existing resonator technologies to higher 
frequencies with different design tradeoffs.  For instance, in order to enable high-frequency SAW 
resonators, a layered SAW structure of ZnO/AlN/diamond was proposed [25]. However, both the 
demonstrated Q and kt2 of the layered SAW resonator are smaller than that of conventional SAW 
and FBARs at lower frequencies. On the other hand, AlN FBARs have also been investigated as 
promising candidates for SHF applications [4]. Despite being sufficient to duplex WIFI bands 
around 5 GHz, they are limited in the factional bandwidth (FBW=3-6%) due to their moderate kt2 
technology. Other AlN devices, such as LMRs, can also operate at SHF.  However, the FoM of AlN 
LWRs at SHF is limited (<5) with moderate electromechanical coupling (kt2<2%). In addition, 
scaling LWRs to SHF requires ~100 nm wide electrodes, thereby requiring costly fine-resolution 
lithography. Moreover, the narrow top electrodes potentially decrease the power handling 
capability and reliability to below what is required for SHF applications. LiNbO3 S0 LVRs have been 
demonstrated in X-cut LiNbO3 with kt2 higher than 20% and Q above 1,000 [20]-[22]. Despite the 
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demonstrated high FoMs of S0 mode devices, their moderate phase velocity, 6,000 m/s, makes it 
difficult to scale them towards higher frequencies (>3 GHz). A new class of MEMS resonators is 
needed to overcome these limitations and enable the next generation of SHF filters.  
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2. Operating Principle and Material Selection of Piezoelectric MEMS 
Resonators 
 
As noted in Chapter 1, combining the desirable features of existing resonator technologies would 
require exploiting new modes in better piezoelectric materials. Before the discussion on 
resonator design, this chapter will discuss piezoelectric materials that have been utilized in MEMS 
resonators. Section 2.1 will first introduce fundamentals and models of piezoelectric MEMS 
resonators. Section 2.2 will review the principle of piezoelectricity and piezoelectric materials. In 
Section 2.3, lithium niobate thin film material, the material of interest in this thesis for enabling 
super-high-frequency range resonators, will be reviewed and compared with aluminum nitride.  
2.1 Fundamentals and Modeling of Piezoelectric MEMS Resonators 
As mentioned in Chapter 1, an electric field across a piezoelectric substrate can be induced by 
interdigital transducers (IDT) which usually consist of two sets of electrodes connected 
alternatingly to two bus lines (as seen in Fig. 7). The space between two adjacent electrode 
fingers is called the pitch (𝑤𝑝). Once the phase velocity of the lateral mode of interest is obtained, 






Figure 7: Cross-sectional illustration of the interdigital transducers. 
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As seen in Fig. 8, a piezoelectric resonator can be modeled with the modified Butterworth-Van 
Dyke (BVD) equivalent circuit that consists of a mechanical branch and a static branch in parallel. 
The mechanical branch includes a motional resistor (Rm), capacitor (Cm), and motional inductor 
(Lm) [2], [12], which represent the mechanical resonance equivalently in the electrical domain, 
































The static branch includes a capacitor C0 and two loss resistors, Rs and R0, that were proposed by 
Larson et al. to improve the accuracy of the model for piezoelectric resonators [26]. The capacitor 
C0 models the capacitance between the IDT electrodes or the plate capacitance sandwiched 
between the top and bottom electrodes (as in a FBAR configuration). The series resistor Rs 
describes the resistance of the routing pads and electrodes while the parallel resistor R0 
represents the parasitic resistance through the piezoelectric substrate. 
A rudimentary circuit analysis of the MBVD equivalent circuit would show that the input 
impedance, Z(ω), and the admittance, Y(ω), can be expressed as [26], [27]: 
 
Figure 8: Modified Butterworth-Van Dyke (MBVD) equivalent circuit for a piezoelectric resonator. 
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A typical admittance response including both magnitude (red-solid line) and phase (blue-dashed 
line) of a resonator is shown in Fig. 9. 
 In Fig. 9, the frequency of maximum admittance is defined as the series resonant frequencies, fs, 
while the frequency of maximum resistance is defined as the parallel resonant frequency, fp, 
which can be expressed as [25], [26]: 
 
Figure 9: Typical admittance response of a piezoelectric resonator. 




























In addition to the resonant frequencies, quality factor Q is another important parameter because 
it represents the ratio of the energy stored in a resonator to the energy dissipated per cycle, and 
thus measures the loss in the resonator, including thermal elastic dissipation, mechanical and 
electrical loss. The quality factor Q can be derived from the resonance peaks of the admittance 
response as the ratio of the resonant frequency, f0, to the 3-dB bandwidth, ∆𝑓3𝑑𝐵 , which is 
















where ω0 is the angular resonant frequency and 𝑑𝜙/dω denotes the phase slope with respect to 
the angular frequency. 
The effective electromechanical coupling coefficient (k2eff) is the property of a resonator for the 
measure of the conversion efficiency of electrical energy into mechanical domain. The most used 










Another common definition of energy transduction efficiency, electromechanical coupling 
coefficient (kt2), is expressed as the parameters of the MBVD equivalent circuit, Cm and C0, 











which directly relates the effective coupling to the ratio of the motional capacitance to the 
clamped capacitance. Note that 𝑘𝑡
2  and 𝑘𝑒𝑓𝑓
2  are approximately the same for low 
electromechanical coupling devices. 
In most practical applications, MEMS resonators are desired to have a Q as high as possible and 
sufficient electromechanical coupling coefficient.  For instance, kt2 and Q directly determine 
insertion loss (IL), wide bandwidth (BW), and enhanced out-of-band rejection of the filter.  
Therefore, a device’s figure of merit, defined as the product of quality factor and 
electromechanical coupling coefficient, is typically adopted for assessing resonator performance 
[2]: 
FoM= 𝑘𝑡
2 ∙ 𝑄 (2.13) 
In addition to electromechanical coupling coefficient and quality factor, temperature stability and 
power handling capability of MEMS resonators also play important roles in practical applications. 
Front-end devices are required to work over a wide temperature range. Unfortunately, the 
resonance frequency of MEMS resonators shifts with temperature. The temperature coefficient 
of frequency (TCF), defined as the frequency shift per unit temperature change, is often adopted 
for evaluating the temperature stability of MEMS resonators. Due to ambient temperature 
changes and device heating caused by power dissipation while in use, MEMS resonators can 
experience a temperature change during their operation. Overheating will happen if the 
resonators have too low a Q and insufficient cooling [1], resulting in the resonant frequency 
shifting outside of the desired frequency range. 
2.2 Principle of Piezoelectricity and Commonly Used Piezoelectric Materials 
The phenomenon of piezoelectricity was discovered in the late nineteenth century. According to 
Hook’s law of elasticity, the piezoelectric direct effect can be described as a relationship between 
the stress (T), strain (S), piezoelectric coefficient (e), mechanical stiffness (c), and the electric field 
(E) [2], as shown in equation (2.14). 
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𝑇 = 𝑐𝑆 − 𝑒𝐸 (2.14) 
The piezoelectric inverse effect is described by the relationship between the displacement 
current (D), permittivity (ε), strain, and electric field [equation (2.15)]. 
𝐷 = 𝑒𝑆 + 𝜀𝐸 (2.15) 
According to equations (2.14) and (2.15), mechanical and electric properties are coupled to each 
other. When the mechanical stress is applied to the piezoelectric material, the positive and 
negative charge centers will shift and generate the electric field. Similarly, the mechanical stress 
can be generated by applying electric field in the reverse process. 
The commonly used piezoelectric materials are quartz, silicon carbide (SiC), lead zirconium 
titanate (PZT), zinc oxide (ZnO), aluminum nitride (AlN), lithium tantalite (LiTaO3), and lithium 
niobate (LiNbO3) [12]. They exhibit stronger piezoelectric effects and characteristics which 
provide a large design space for elastic wave devices. Among these materials, AlN and LiNbO3 are 
most suited for engineering MEMS resonators for RF filters, as they have large piezoelectric 
coefficients and can be produced at low cost. 
2.3 Lithium Niobate 
For enabling a piezoelectric MEMS resonator, the material selection process depends first on the 
applications of interest. The required performance specification for the target application will 
further drive the choice based on the material properties, processing considerations, and 
available modes.  
Take the focus of this thesis, front-end filters, as an example: the filters require low loss, sufficient 
bandwidth, and frequency scalability (preferably monolithically). Therefore, material properties, 
particularly piezoelectric coefficients and stiffness constants, have to be considered to achieve 
desired keff2 or kt2 (as highlighted in Section 2.1) for low loss and large bandwidth, and sufficient 
phase velocity for frequency scalability.  Additionally, the feasibility of attaining high quality 
materials in a thin film format that is suited for the micromachining of MEMS resonators has to 
be evaluated. Micromachining techniques that are essential to MEMS resonator fabrication have 
to be available or developed.  Last, the modes available in the material have to be carefully 
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surveyed to identify a mode that meets all desired specifications and also can be efficiently 
excited by an electrode configuration that does not overcomplicate the fabrication process. 
The most popular piezoelectric material in use for enabling MEMS resonator-based filters are AlN 
and LiNbO3 due to all of the above-mentioned considerations.  Both have large piezoelectric 
coefficients, and are stiff enough to scale over a wide frequency. Both AlN and LiNbO3 can be 
integrated with either polycrystalline or single crystal quality on a carrier substrate. A comparison 
between AlN and LiNbO3 is given in Table 2 [15]-[22] to show the reasons for using LiNbO3 to 
make possible SHF resonators. 
 As seen in Table 2, LiNbO3 offers a larger piezoelectric coupling coefficient than AlN, and hence 
is capable of enabling a larger bandwidth for radio frond-end applications. A larger piezoelectric 
coupling coefficient also allows more favorable design trades among insertion loss , temperature 
stability and out-of-band rejection. Moreover, emerging applications may require a large 
bandwidth and piezoelectric coupling coefficient more than 10%, which exceeds AlN limitations 
[15]-[22]. 
LiNbO3 is also better than AlN with respect to high dielectric constant. To maximize power 
transmission from input to output, the RF front-end components need to be terminated by a 
proper resistance Rt, which can be approximated by the static capacitance Co of the devices. The 
static capacitance is related to the dielectric constant of the substrate and device size. For the 
same IDT structure, a higher dielectric constant allows the required impedance to be achieved at 
smaller device dimensions. Small dimensions give rise to many operational advantages, such as 
Table 2   Comparison of piezoelectric materials for MEMS resonators 
 Aluminum Nitride (AlN) Lithium Niobate (LiNbO3) 
Piezoelectric coupling coefficient kt2 (%) 2-6 >20 
Dielectric Constant  9.5 29 (ε11)/45 (ε33) 
Intrinsic material losses low low 
Temperature coefficient Low Low 
Reproducibility Yes Yes 
CMOS compatible Yes Yes 
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high resonance frequency, greater sensitivity, and low thermal mass. Even though some kinds of 
resonators based on AlN apply bottom electrodes to increase the static capacitance, the complex 
structure with bottom electrodes requires accurate lithography alignment and affects the cost.  
For these reasons, LiNbO3 has been considered as an advantageous material for the 
implementation of multifrequency wideband MEMS resonators. The material constants for a 
LiNbO3 film are listed in Table 3 [20].   
Table 3   Material parameters of LiNbO3 [20] 
 Symbol Lithium niobate Temperature 
Coefficient 
(ppm/K) 
Elastic Constants  
(1011 N/m2) 
and their temperature 
coefficients 
(ppm/K) 
c11 19.839 -174 
c12 5.472 -252 
c13 6.512 -159 
c14 0.788 -214 
c33 22.790 -153 
c44 0.5965 -203 







Dielectric Constants ε11 45 
ε33 29 
Density (kg/m3) 𝜌 4850 




𝛼𝑧  7.5 
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3. SHF Lithium Niobate MEMS Resonators 
 
From the last chapter, it is clear that lithium niobate has the potential to enable high-k2t and high-
Q resonators. This chapter focuses on identifying the mode of operation for SHF application 
among the various Lamb wave modes available in lithium niobate. First, Lamb wave modes are 
briefly discussed with emphasis on low order modes. Phase velocities, electromechanical 
coupling factors, and dispersion characteristics of Lamb waves will be included in the theoretical 
studies in Section 3.1. In Section 3.2, the propagation properties of the first-order antisymmetric 
Lamb wave mode in Z-cut LiNbO3 thin films will be investigated and then employed in the design 
of SHF LiNbO3 MEMS resonators. 
3.1 Lamb Wave Modes in Thin Films 
In solids, a number of different types of acoustic waves can vibrate in different directions. Waves 
are classified in different modes according to their parameters of propagation. Plate waves can 
be generated in a plate of a few wavelengths thick, and propagate throughout the thickness of 
the materials. Lamb waves are the most commonly used plate waves in acoustic devices [29]. 
 
Figure 10: (a) Symmetric Lamb wave and (b) anti-symmetric Lamb wave [29]. 
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Depending on the symmetry of the mode shape about the median plane in the plate, the Lamb 
waves can be divided into symmetric and antisymmetric modes (as shown in Fig. 10). For 
symmetric modes, the longitudinal components are equal on either side of the median plane 
while the transverse components  are opposite. For antisymmetric modes, the transverse 
components are equal on either side of the median plane while the longitudinal components are 
 
Figure 11: Mechanical displacements of Lamb waves in an isotropic plate. (a) Symmetric modes. (b) Antisymmetric modes. 
 
Figure 12: Phase velocity as a function of the product (frequency × plate thickness in MHz × mm) [30], [31]. 
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opposite. The letters S and A are used to indicate the symmetric and antisymmetric modes, 
respectively [29] (as shown in Fig. 11). For instance, A0 denotes the fundamental antisymmetric 
mode, while A1 denotes the next higher order mode with velocity higher than that of the A0.  
Figure 12 shows the phase velocity as a function of the product (frequency × plate thickness). 
For the same frequency, each mode can have higher phase velocity in a thinner plate, except in 
A0 mode. For modes in the same family, higher order modes have higher phase velocity for all 
products of thickness and frequency [30], [31]. 
3.2 Designs of SHF Lithium Niobate MEMS Resonators 
 For a Z-cut LiNbO3 thin film, the first-order antisymmetric Lamb wave mode has a high phase 
velocity and a large electromechanical coupling factor, both of which are desirable for realization 
of wideband devices at high frequencies. 
 
Figure 13: Calculated dispersion curve for the A1 mode. 
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3.2.1 First-Order Antisymmetric (A1) Lamb-Wave Mode in LiNbO3 Thin Film 
 In a Z-cut LiNbO3 film, the first-order antisymmetric (A1) Lamb-wave mode has a high phase 
velocity, making a super-high-frequency device realizable. Additionally, the large electro-
mechanical coupling factor guarantees a sufficient bandwidth. 
3.2.2 Dispersion Curve of A1 Lamb-Wave Mode in LiNbO3 Thin Film 
The finite element method (FEM) was used to calculate the characteristics of the A1 Lamb wave 
propagating in the Z-cut LiNbO3 film. Figure 13 shows the calculated dispersion curve of the A1 
Lamb mode as a function of the LiNbO3 plate thickness. The A1 Lamb mode has a high frequency 
of over 5 GHz when the LiNbO3 plate is thinner than 400 nm. For a given thickness, the operating 
frequency can be tuned by adjusting the electrode pitch width and hence the wavelength (λ). 
This feature allows the monolithic implementation of multi-frequency ladder filters, which 
require resonators of slightly offset center frequencies. 
3.2.3 Electromechanical Coupling Factor of A1 Mode in LiNbO3 
The electromechanical coupling factor (K2) of LiNbO3 devices vibrating in the A1 mode, which is 
directly related to kt2 (kt2= K2/(1+ K2)), can be readily estimated by comparing the phase velocities 
 
Figure 14: Calculated coupling factor of A1 mode at various h/λ values. 
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of the same acoustic mode in a thin LN plate with and without perfect metallized boundary 
condition on the top surface [20]. Figure 14 summarizes the calculated K2 for different electrode 
dimensions and orientations, with value exceeding 25%. It concludes that the value of K2 remains 
constant as the orientation varies from 0° to 180° within the Z-cut LN plate and the A1 Lamb wave 
exhibits higher electromechanical coupling factor if the h/λ is smaller. 
3.2.4 FEM Simulation 
In addition to the analysis of wave characteristics, the SHF resonance and high electromechanical 
coupling coefficient (kt2) have also been confirmed by modeling a typical MEMS resonator using 
finite element method (FEM). As seen in Fig. 15, the resonator in the model consists of a 
suspended Z-cut LiNbO3 thin film with 6 pairs of interdigitated transducers (IDTs) on the top 
surface. The thickness of the Z-cut LiNbO3 thin film is set to be 400 nm, permitting a high phase 
velocity and a wide electrode pitch to attain a 5 GHz center frequency. The wide electrode pitch 
can be readily defined with standard photolithography tools (e.g. mask aligners). The design 
parameters for the simulated resonator are listed in Table 4. 
 
Figure 15: Mock-up of a typical MEMS resonator. 



















6 48 μm 180 μm 4 μm 8 μm 16 μm 5.25 GHz 
2 38 μm 120 μm 6 μm 19 μm 38 μm 4.35 GHz 
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The simulated response is shown in Fig. 16 with the displacement mode shapes of A1, A0 and S0. 
Similar to the analysis of wave characteristics, the simulation predicts a resonant frequency of 
5.25 GHz for the A1 mode, which is significantly higher than those of S0 and A0 modes. The 
electromechanical coupling of the device is shown to be 26.4% and is on par with the calculated 
result in Fig. 14 for a Z-cut LiNbO3 plate with h/λ=0.025. 
Exploiting the dispersion shown in Fig. 13, the resonant frequency of A1 mode devices can also 
be tuned by setting the electrode pitch. The adjustment in electrode pitch affects the h/λ for a 
given film thickness and hence modifies the acoustic velocity and resonant frequency. This 
feature permits the monolithic implementation of multi-frequency resonators and filters. To 
showcase this capability, a second device, with the same parameters in Table 4, was designed 
with two electrodes and larger electrode pitch (19 μm) on the 400 nm Z-cut LiNbO3 thin film. It is 
 
Figure 16: (a) Simulated response of a typical MEMS resonator based on a 400 nm Z-cut LiNbO3 thin film. (b) Displacement 
mode shapes of the S0, A0 and A1 modes. 
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important to note that changes in h/λ also have effects on K2, as seen in Fig. 14. Still, a high K2 
and large bandwidth can be maintained for the designs discussed here. FEM confirms that the 
second design (h/λ=0.01) has an A1 resonance at 4.35 GHz with a simulated kt2 of 30%.  
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4. Microfabrication of SHF Lithium Niobate MEMS Resonators 
 
Microfabrication technology is the engine behind the MEMS field. There are a myriad of 
processes and techniques used in microelectronics and MEMS fabrication. A full understanding 
of each process encompasses its physics and chemistry, behavior under various conditions, 
application scope and limitations, common recipes, equipment, and the operation and physics of 
equipment [1], [32], [33]. In this chapter, a two-mask fabrication is described to manufacture the 
SHF LiNbO3 MEMS resonators. Oxide hard mask deposition and plasma etching are also 
presented. Issues with dehydrating of suspended structures are discussed. 
4.1 Fabrication Process Flow 
In order to validate the simulation and demonstrate the SHF and high kt2 performance, the A1 
devices with varying numbers of electrodes were fabricated using the process shown in Fig. 17. 
The fabrication starts with the deposition of a thin layer of SiO2. It serves as an intermediate layer 
to facilitate the direct bonding of a thin-film donor wafer on a LiNbO3 carrier substrate. After the 
LiNbO3 thin-film transfer process, 50 nm-thick top electrodes (Au) are defined on top of the 
LiNbO3 film using a lift-off process. PECVD SiO2 is subsequently deposited to serve as a hard etch 
mask for defining the LiNbO3 resonator boundary condition. The patterning of the SiO2 hard mask 
is done using a CF4-based reactive ion etching (RIE). Following the definition of etch mask, the 
LiNbO3 thin film is etched using a Cl2-BCl3-based RIE with inductively coupled plasma (ICP) etching 
to define the acoustic boundary of the resonator. The SiO2 under the LiNbO3 thin film serves as 
the sacrificial layer and is removed by 10:1 BOE-based wet etching, and the SiO2 on the surface 
of the LiNbO3 will be removed at the same time. Lastly, critical point drying (CPD) is performed 
to dehydrate the resonators. All these steps can guarantee the suspension of resonators. 
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4.2 PECVD of SiO2 
A thin layer of silicon dioxide (SiO2) is commonly used as the hard mask in the micro-fabrication 
process. Plasma-enhanced chemical vapor deposition (PECVD) is the preferred method to deposit 
SiO2 since it has many advantages over low-pressure chemical vapor deposition (LPCVD). The 
deposition temperature of PECVD is around 300 °C, much lower than that of LPCVD SiO2 (900 °C). 
The lower temperature variation can decrease thermally induced stress in previously deposited 
materials, and consequently reduce the residual stress post-release [34]-[36]. 
The basic PECVD SiO2 plasma process is described by: 
 
Figure 17: Fabrication process for the LiNbO3 resonators. 
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𝑆𝑖𝐻4 +𝑁2𝑂 → 𝑆𝑖𝑂2 + 𝐻2 + 𝑁2 (4.1) 
A deposited SiO2 film is shown in Fig. 18. 
4.3 RIE of SiO2 
The reactive ion etching (RIE) of SiO2 films plays a vital role in the micro-fabrication of MEMS 
devices. An RIE process has been developed to etch a layer of low stress SiO2 up to several 
hundred nm thick (as seen in Fig. 19). The etching is carried out in a specialized process 
equipment called the PlasmaLab RIE system, which has a chamber with two opposing electrodes. 
This system uses a mixture of CF4 and O2, which can be broken up by the electric field, creating 
active gaseous radicals that are electrically charged. In specific, plasma is initiated in the system 
by applying a strong RF electromagnetic field with typical frequency of 13.58 MHz and power of 
several hundred watts. The ionized gas molecules are electrically accelerated up and down in the 
chamber by this oscillating electric field. The samples can be etched when positive ions drift 
toward the wafer carrier plate [1].  The etching process of SiO2 is described by the following 
reaction: 
𝐶𝐹4 + 𝑂2 + 𝑆𝑖𝑂2 → 𝑆𝑖𝐹4 ↑ +𝐶𝑂2 ↑ (4.2) 
 
Figure 18: SEM image of a PECVD SiO2 thin film with an etched region. 
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Chemically active gas species from the plasma attack the surface of SiO2 and react with it to form 
volatile gases, SiF4 and CO2, which will not re-deposit on the surface of the substrate. Meanwhile, 
physical bombardment, which is caused by the charged ions accelerated in the vertical electrical 
field, works with the chemical reaction to increase the etching rate and achieve steep sidewall 
profile. Due to the mostly vertical delivery of reactive ions, the sidewall profile is different from 
typically isotropic profiles of wet chemical etching [37]. 
 
Figure19: SEM image of sidewall of SiO2 etched by RIE. (Image courtesy of Anming Gao.) 
Table 5  RIE recipe for PECVD SiO2 
Parameter Value 
Chamber temperature Room temperature 
Chamber pressure  25 mTorr 
CF4 flow 30 sccm 
O2 flow 6 sccm 
RIE power 100 W 
Etch rate (Z-cut) 25 nm/min 
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Etch conditions in an RIE system depend strongly on the many process parameters, such as 
pressure, gas flows, and RF power. The details of these parameters are listed in Table 5. 
4.4 ICP-RIE of LiNbO3 
The definition of the MEMS resonator boundaries requires an anisotropic etching of the LiNbO3 
material. Fluorine-based reactive ion etch (RIE) has very low etching rate and causes re-
deposition [20]. This etch process leads to rough surface and sidewalls of the acoustic boundary, 
making it impossible to build high-performance MEMS resonators. The ion density in the process 
of etching should be increased to enhance the etching rate and weaken the re-deposition. 
Inductively coupled plasma (ICP) is a type of plasma source with high ion density and which, in 
combination with RIE based on chlorine, can be employed to achieve unique anisotropic etching 
[38]. In this ICP-RIE system, very high plasma densities can be achieved with an RF powered 
magnetic field, though etch profiles tend to be more isotropic. To achieve more anisotropic etch 
profiles, a separate RF bias is applied to the substrate to create directional electric fields which 
are perpendicular to the substrate.  
Etch conditions in an ICP-RIE system depend strongly on the many process parameters, such as 
temperature, pressure, gas flows, and RF power. The details of these parameters are listed in 
Table 6. SEM of etched LiNbO3 is shown in Fig. 20. 
Table 6   Chlorine-based ICP-RIE recipe for LiNbO3 material 
Parameter Value 
Chamber temperature Room temperature 
Chamber pressure  5 mTorr 
Cl2 flow 5 sccm 
BCl2 flow 15 sccm 
Ar flow 18 sccm 
RIE power 280 W 
ICP power 900 W 
Etch rate (Z-cut) 147 nm/min 
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4.5 Critical Point Drying 
After defining the LiNbO3 boundary condition by ICP-RIE, the SiO2 under the LiNbO3 thin film 
which serves as the sacrificial layer is removed by 10:1 BOE-based wet etching. After wet etching, 
drying is required. 
Air (evaporative) drying of devices can deform and collapse the suspended structure due to 
surface tension. As the liquid evaporates, considerable forces are present at the phase boundary, 
which cause damage to the device. To avoid this high surface tension, the density of the liquid 
medium should be constant as it changes to gaseous phase during evaporation. At a critical 
temperature and corresponding pressure, it is possible to make liquid and vapor co-exist with the 
same density, so that the liquid medium can smoothly change to gas. The devices will undergo 
the transition from wet to dry without being subjected to considerable forces, thereby avoiding 
the damaging effects of surface tension. This process is called critical point drying (CPD). 
 
Figure 20: SEM image of etched LiNbO3. 
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The choice of liquid medium depends on the critical temperature and corresponding pressure. 
Table 7 lists the critical constants for some common substances. Water should be excluded 
because of its high critical temperature which would cause significant thermal damage to the 
device. CO2, with the critical constant of 31.1 °C, remains the most common medium for the CPD 
procedure. In practice, water remaining in the device after wet etching should be replaced with 
another fluid which is miscible with water and CO2. IPA is a commonly used intermediate fluid to 
replace water before the CPD procedure. 
The critical point of CO2 can be achieved at a pressure of around 1100 psi and temperature of 
around 31˚C. Therefore if the IPA is replaced with liquid CO2 and the temperature then raised to 
above the critical temperature, the liquid CO2 changes to vapor without change of density and 
therefore without surface tension effects that may distort the structure. 
 
  
Table 7 Critical Constants 
Substance Temperature (˚C) P.S.I 
Hydrogen -234.5 294 
Oxygen -118 735 
Nitrogen -146 485 
Carbon Dioxide +31.1 1072 
Carbon Monoxide +141.1 528 
Water +373.4 3212 
 
 35  
 
5. Measurements and Future Research Directions 
 
5.1 Experimental Results and Discussion 
5.1.1 Device Admittance Response 
The fabricated devices were first characterized at room temperature and in dry air with an open 
chamber probe station and Keysight performance network analyzer. The measured admittance 
is shown in Fig. 21(b) for the 6-electrode devices. The effects of the feedthrough capacitance (Cf) 
have been de-embedded using the measurement results of the on-chip test structures. As seen 
in Fig. 21(b), the 6-electrode resonator displays an A1 resonance at 5.25 GHz and an extracted kt2 
of 26.6%, showing excellent agreement with the simulations. The modified Butterworth-Van 
Dyke (MBVD) model was used to extract the static capacitance C0, kt2, and motional components 
(Rm, Cm, and Lm). The values of these parameters, along with the measured Q, are listed in Table 
8. 
 
Figure 21: (a) SEM image and (b) measured, COMSOL-modeled, and MBVD modeled response of the fabricated LiNbO3 
resonator with six electrodes. 
Table 8   Parameters of the MBVD model and key measured values of 6-
electrode resonator 
Frequency 5.25 C0 32 fF 
Measured Q 112 Rm 31 Ω 
Extracted kt2 26.6% Cm 8.7 fF 
Simulated kt2 26.4% Lm 0.1 µH 
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As seen in Fig. 22(a) and (b), in comparison to the 6-electrode device, the resonant frequency of 
the 2-electrode device is shifted to 4.35 GHz with an increased kt2 of 29%. The enhancement of 
kt2 is caused by a larger A1 mode wavelength and smaller h/λ. These changes match the 
calculated characteristics of A1 mode shown in Fig. 14 and 15. The parameters of the MBVD 
model and measured Q are listed in Table 9. Note that the measured Q of 527 is much higher 
than that of the 6-electrode device. The reason for this Q enhancement is still under 
investigation. As a result of the simultaneously measured high kt2 and Q, a record-high FoM of 
153 has been demonstrated for MEMS resonators at SHF. 
5.1.2 Temperature Stability 
The temperature coefficient of frequency was also measured. The measurements were 
performed with a Lakeshore cryogenic probe station and network analyzer. The devices were 
cycled multiple times between 300 and 360 K with a step of 10 K. Devices with 6 electrodes were 
 
Figure 22: (a) SEM image and (b) measured, COMSOL-modeled, and MBVD modeled response of the fabricated LiNbO3 
resonator with two electrodes. 
Table 9   Parameters of the MBVD model and key measured values of 2-
electrode resonator 
Frequency 4.35 C0 1.01 fF 
Measured Q 527 Rm 236 Ω 
Extracted kt2 29% Cm 0.39 fF 
Simulated kt2 30% Lm 3. µH 
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tested and the measured TCF is shown in Fig. 23. LiNbO3 become mechanically soft with 
increasing temperature, giving negative temperature coefficients of frequency of -63.85 ppm/K. 
This level of temperature stability can be compensated by depositing a compensating thin film 
which has positive temperature dependence of stiffness. 
5.1.3 Power Handling and Nonlinearity 
The nonlinear behavior and power-handling capability were experimentally investigated by 
measuring the admittance response at various power input levels when a small smooth change 
made to the input power causes a sudden operation frequency change. This corresponding level 
of input power can be considered as the highest level of power that the device can handle before 
large nonlinearity is recorded [6]. The input power was swept from -10 to +10 dBm for A1 Lamb 
wave device with 6 electrodes. The power sweep measurement is shown in Fig. 24. The 
resonance peak bends as input power increases. At +6 dBm, the response exhibits a sudden 
change of resonance peak, which is the power handling capability of the A1 Lamb wave device. 
 
 
Figure 23: Measured TCF of the A1 LiNbO3 resonator with six electrodes. 
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5.1.4 Discussion of Results 
In this work, a SHF microelectromechanical system resonator utilizing the A1 Lamb wave mode 
with an extremely high figure of merit (FoM) operating at 5 GHz range is presented. In order to 
achieve the super-high operating frequency, the 400-nm-thick Z-cut LN plate is employed. In 
order to achieve the multi-frequency, different numbers of Au electrodes are employed to vary 
the h/λ range from 0.01 to 0.025. In order to achieve higher electromechanical coupling, the 
number of electrodes is decreased to get smaller h/λ. The experimental results show that the A1 
Lamb wave mode resonator presents a high electromechanical coupling of 29% and a high quality 
factor of 527 simultaneously. The first prototype holds strong potential for future SHF front-end 
filters and multiplexers. Detailed characterization of device Q, static capacitance C0, TCF, and 
power handling is also presented and analyzed. 
5.2 Future Research Directions 
The SHF operation and high FoM of these A1 mode devices have proven their potential as the key 
building blocks for future SHF front-end filters and multiplexers. There are still a number of 
 
Figure 24：Measured TCF of the A1 LiNbO3 resonator with six electrodes. 
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engineering challenges which must be addressed to optimize the performance of the SHF LiNbO3 
Lamb wave resonators. This section presents some potential extended research work. 
5.2.1 Spurious Modes Suppression 
Despite the record breaking FoM of LiNbO3 MEMS resonators in SHF, bottlenecks remain in 
suppressing the spurious modes often found in their response. These spurious modes  produce 
in-band ripple and out-of-band spurious response and thus cause filter performance degradation. 
The origins of the various spurious modes should be investigated and an assortment of 
techniques that can completely and correspondingly eradiate the spurious response should be 
developed. In addition, these techniques should also improve temperature stability and power 
handling capability. 
5.2.2 Passive Temperature Compensation 
LiNbO3 has negative temperature coefficients of elasticity (TCE). As a result, LiNbO 3 resonators  
exhibit a TCF of approximately -63 ppm/K. This level of temperature stability is unsuitable for 
some closely spaced bands. It is well-known that crystalline SiO2 has a positive temperature 
coefficient of frequency which depends on stiffness constants. The SiO2 will become mechanically 
stiffer with increasing temperature, which is opposite to LiNbO3. The elastic constants of 
amorphous SiO2 also show positive temperature dependence. Thus, a thin layer of SiO2 can be 
utilized as a temperature compensation layer on or under LiNbO3. The TCF of the composite film 
stack can be reduced to zero at operating temperature by using a SiO 2 layer of appropriate 
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Appendix A.  Photoresist Lithography Process 
The following procedure describes the photolithography process: 
1. Apply SPR220 positive photoresist to achieve 4.6 μm film thickness. 
a) Spin speed 3000 rpm. 
b) Soft bake on hotplate at 60 °C for 2 minutes and at 110°C for 1 minute. 
c) Expose mask on EVG620 system. 
d) Exposure for total dose=180 mJ/cm2. 
2. Develop in AZ developer solution for 3 minutes (dilution 1:4 ratio with DI water). 
3. Rinse in DI water for 30 seconds.  
 
 
 
 
 
 
 
 
 
 
 
  
